The purpose of this study was to find an explanation for the interference of metallic cations with the germicidal properties of quaternary ammonium compounds. The hypothesis that the metallic cation could inactivate the quaternary by association to form some type of chemical complex was investigated in preliminary experiments. Results obtained indicated that such a chemical complex was not formed. This result was expected in the light of the molecular structure of the quaternary.
Quaternary ammonium compounds, effective as sanitizing agents for food plant equipment under certain conditions, are not well suited as sanitizers for water of high mineral content. Mueller and Seeley (1951) have demonstrated under controlled conditions that various metallic cations can decrease the germicidal action of a quaternary in solution. Knowledge of how such interference takes place could aid in overcoming this limitation. It might also permit the use of metallic cations as inhibitors in germicidal tests that require complete inactivation of the germicide after a given time.
The purpose of this study was to find an explanation for the interference of metallic cations with the germicidal properties of quaternary ammonium compounds. The hypothesis that the metallic cation could inactivate the quaternary by association to form some type of chemical complex was investigated in preliminary experiments. Results obtained indicated that such a chemical complex was not formed. This result was expected in the light of the molecular structure of the quaternary.
An explanation of the interference of metallic cations with quaternaries could be that metallic cations are attracted more readily than quaternaries to the electronegative surfaces of bacteria. These metallic cations, smaller and more mobile than quaternaries, should be preferentially adsorbed at the bacterial surface. Their presence would decrease the over-all electronegativity of the surface, thus lessening the electrostatic attraction between quaternary and surface.
The technic of microelectrophoresis was used to explore this possibility. Electrophoresis is the directed movement of a particle under an applied potential. presence of certain metallic cations and a quaternary ammonium compound.
METHODS AND MATERIALS Quaternary and salts used. The quaternary used in this study was an alkyldimethylbenzyl ammonium chloride (Onyx BTC).3 The salt solutions selected for the study were the chlorides of potassium, calcium, aluminum and thorium. Any one of these salts will decrease the germicidal action of the quaternary (Mueller and Seeley, 1951) . All chemicals used were of reagent grade.
Preparation of bacteria for electrophoresis. The strain of Escherichia coli used in these experiments was obtained from the Department of Bacteriology and Public Health at the University of Massachusetts. Its phenol coefficient was equal to that of U. S. Public Health Service Strain No. 198. For the electrophoresis measurements, bacteria were streaked on tryptone glucose extract agar slants and incubated at 37.5 C for 24 hr. They were then washed from the slants with a few ml of the salt solution to be used as suspending medium during electrophoresis. The first washing was centrifuged for 15 min at 3500 rpm in a type SB International Centrifuge. The supernatant was discarded, and the washing and centrifuging repeated twice more with fresh salt solution. Electrophoretic mobilities of the bacteria were measured within 1 to 3 hr after the slants were removed from the incubator.
Microelectrophoresis. Bacterial mobilities were measured in an Abramson horizontal microelectrophoresis cell (Abramson, 1929) . The depth of the observation chamber of this apparatus was 0.386 mm. The cell was mounted on the stage of a binocular microscope (44X objective, 12X eyepiece) equipped with an ocular micrometer and a calibrated fine adjustment.
Cell symmetry was determined by measuring the velocities of bacteria at several depths in the cell, then plotting average velocity at each depth versus that depth expressed as percentage of cell depth. The resulting curve was a parabola that passed through the origin, indicating that the electrophoresis cell was symmetrical and suitable for use.
3Manufactured by Onyx Oil and Chemical Co., Jersey City, New Jersey.
Except when determining cell symmetry, the microscope was always focused on the stationary layer at 21 per cent of the cell depth. At this depth, endosmotic effects of the cell walls are at a minimum, and observed particle velocities are the true velocities of the particles.
Three Radio 45-volt "B" batteries in series supplied the current for the electrophoresis cell. The current was regulated by a 10,000-ohm variable resistance.A doublepole, double-throw switch was placed in the circuit to reverse the current.
The electrophoretic mobility of the particle in a micro cell is equal to the velocity of the particle divided by the field strength of the cell:
The field strength is calculated as follows: JR Field strength (X) = = volts/cm q where I = current through the cell (amps) R = specific resistance of the suspension (ohmcm) q = cross-sectional area of the observation chamber (sq cm)
EXPERIMENTAL RESULTS Standardization of bacteria. Before evaluating the effect of any system on bacterial mobilities, the suitability of the bacteria for the electrophoresis work must be established. Two requirements must be fulfilled: The bacterial population must have unimodality and a low coefficient of variation with regard to electrophoretic mobilities (Moyer, 1936) .
The electrophoresis cell was filled with a suspension of E. coli in M/50 phosphate buffer (pH 7.2). Current through the cell was 16 ,ua. The velocities of 100 bacteria were measured as follows: Each organism was timed as it passed between two points in the calibrated microscopic field. The organism's direction of travel was then reversed by reversing the current, and the organ- ism's return trip was timed. Repeating this procedure 5 times gave a total of 10 measurements from which an average velocity for each organism was calculated.
The data (table 1) if plotted as average velocities versus per cent of organisms examined, would give a unimodal, bell-shaped curve. The coefficient of variation of the average velocities was 11 per cent. Because the bacteria satisfied the necessary conditions for electrophoresis, the strain was used in all the experiments reported here.
Effect of pH. The electrophoretic mobility of a particle is influenced by the ionic strength and the pH of the suspending mediuim. Obviously, the pH of a solution cannot be adjusted without altering its ionic strength. Ionic strength is generally considered to be the more important factor for electrophoresis studies, and pH is left uncontrolled. This practice was followed when investigating the effects of various metallic cations on electrophoretic mobilities of E. coli.
Some work was done on the effect of pH in the present investigation. Mobilities were recorded for E. coli in HCI solutions ranging from pH 2 to 7. The mobilities were less (that is, the surface charge was more electropositive) in the more acid solutions (table 2) . Although the pH effect was recognized, it was not included in evaluating the effect of metallic cations on mobilities, EFFECT OF QUATERNARY ON E. COLI MOBILITY because effects of hydrogen ions and metallic cations are not necessarily additive.
Effect of metallic cations and a quaternary ammonium compound. Mobilities of E. coli were measured in 0.02 M KCI, 0.007 M CaC12, 0.003 M AlCl3, and 0.002 M ThCl4 solutions. The ionic strength of these solutions was 0.02, and results are listed in table 3. The higher the valence of the metallic cation, the less negative was the electrical charge on the bacteria. In the presence of aluminum and thorium, the bacteria acquired an electropositive charge, as evidenced by a reversal of their direction of flow.
Enough quaternary was added to each solution to give a final level of 500 ppm quaternary ammonium compound (QAC). The addition of the quaternary did not appreciably alter either ionic strength or pH. The quaternary made the bacteria more electropositive in all 4 solutions. Effect of quaternary was greatest in KCI, least in AlCl3, and intermediate in CaCl2 and ThCl4. No mobilities were measured in solutions of quaternary alone, because in order to have the minimum ionic strength (0.02) necessary for electrophoresis, the level of quaternary would be so high that it would have no practical significance as a germicide.
DISCUSSION
Escherichia coli organisms suspended in 4 salt solutions became more electropositive when a quaternary ammonium compound was added to the solutions. The quaternary had its greatest effect on electrophoretic mobility of E. coli in KCI and its least effect in AlCl3. The effect in CaCI2 and in ThCl4 was intermediate between AlCl3 and KCI. Mueller and Seeley (1951) concluded that valence was an important factor determining the amount of interference by the cation on the germicidal property of the quaternary. The interfering power of the cation increased as the valence increased up to 3. In the present study it appears that valence is also an important factor, determining the degree to which a quaternary affects the electrophoretic mobility of E. coli. An increase in the valence decreased the effect of the quaternary on the electrophoretic mobility of E. coli. Though the valence of thorium is 4, it doubtless does not exist in solution as a +4 ion, due to the formation of complexes with Cl-and other ions which might be present. Under such conditions, it is quite possible that thorium complexes of either +2 or +3 charge or both are present.
Results from this study support the theory that metallic cations will interfere with the quaternary ammonium germicide by competing for the negative sites on the bacteria cell surfaces. In a mixture of quaternary ions and metallic cations, probably the metallic cations are preferentially adsorbed at the surface of bacteria because of the small size of the metallic cations relative to the quaternary ions. When the metallic cations are polyvalent, their charge as well as their size promotes their preferential adsorption. The presence of the metallic cations at the surfaces of bacteria lowers the electronegativitv of the surfaces, thus lessening electrostatic attraction between bacteria and quaternary.
SUMMARY
The electrophoretic mobility of Escherichia coli suspended in salts of various metallic cations was used as a measure of the electrical conditions at the surfaces of the bacteria. The higher the valence of the metallic cation, the lower was the electronegativity of the suspended bacterial particles. Adding quaternary ammonium compound to these suspensions lowered the electronegativity of the bacteria still further. The higher the valence of the metallic cation, the less was the effect of the quaternary on the bacteria.
There appears to be some correlation between the degree to which a metallic cation interferes with the germicidal action of a quaternary and the cation's power to prevent the quaternary from altering the electrical charge at the surfaces of bacteria.
